Easy oxidation of carbon limits applications of carbon-carbon composites in an oxygen-containing environment. In this study, a two-layer SiC coating was prepared on carbon-carbon composites by a Spark plasma sintering technology at 1350˚C for 1 min. The coating was mainly composed of β-SiC and Si and well bonded with the substrate. The double SiC coating could effectively protect the C/C composites from oxidation at 1600˚C for 120 h, and the corresponding weight loss was only 2.62%.
Introduction
Carbon/carbon (C/C) composites are promising materials used in aircraft and aerospace fields due to their excellent properties, such as high temperature strength, high thermal conductivity, low thermal expansion coefficient, good thermal shock and ablation resistance [1] . However, the oxidation of C/C composites above 723 K limits their applications in an oxygen-containing environment [2] [3] .
A silicon carbide (SiC) coating, which possesses an excellent oxidation resistance and good compatibility with C/C substrates, has attracted extensive attention [4] [5] [6] . But, due to thermal expansion mismatch between SiC and C/C composites, cracks are easily formed in the SiC coating, which could offer the path for oxygen to diffuse into the composites. Consequently, various multilayer coatings are explored, such as SiC/SiC [7] [8] , mullite/SiC [9] [10], MoSi 2 /SiC [11] , AlPO 4 /SiC [12] , SiC-MoSi 2 -ZrB 2 /SiC [13] . Among them, double SiC coating is considered as a good choice to protect C/C composites from oxidation because of no thermal expansion mismatch between the outer layer and the inner layer.
Up to now, three methods, namely pack cementation, chemical vapor deposition and slurry method, are mainly used to prepare coatings on C/C composites. Among them, pack cementation, which is usually used to offer a strong interface bonding between SiC coating and C/C composites, is needed to heat at 2173 -2373 K for 2 -4 h [13] [14] [15] [16] . Cracks will be formed inevitably in the coatings due to the mismatch of thermal expansion between the coatings and the composites. CVD can prepare the coatings at a lower preparation temperature but need to be provided a very long preparation time [17] [18] [19] . The drawback of time-consumption also exists in slurry method [20] [21] [22] . In addition, double coatings are needed to be prepared by two-step methods [7] - [22] .
In this paper, we use a one-step technique, spark plasma sintering (SPS), to prepare rapidly a double SiC coating on C/C composites at 1350˚C for 1 min. To our knowledge, no literature has been published about using SPS technology to prepare muti-layer coatings on C/C composites. The microstructures and oxidation resistant of double SiC coating on C/C composites are investigated.
Experimental Procedure
C/C composites (Jiangnan Graphite Co., Ltd., Hunan, China) with a density of 1.70 g/cm 3 were used as substrates, which were cut into small cylinder specimens (Φ 20 mm × 6 mm). The substrates were hand-grinded with 400, 600 and 1000 grit SiC paper, sequentially. Then they were cleaned ultrasonically in ethanol and dried at 100˚C for 1 h. Surface and cross-section morphology of the coated composites were observed by scanning electron microscopy (SEM) using a KYKY2800 digital scanning electron microscope (Bejing, China). Crystalline structure of the coatings was measured by means of X-ray diffraction (XRD) using a D/Max-2500pc diffractometer (Japan) equipped with a standard Cu-Ka radiation source employing a step size of 0.02˚ in 2θ.
Raw materials used for inner
Thermal behavior of double SiC coatings was analyzed using differential scanning calorimeter test and thermogravimetry (DSC-TG) complex thermal analysis with a NETZSCH differential scanning calorimeter (Model STA449C, Germany). The coatings were heated at 20˚C/min up to 1500˚C in flowing air.
To study the protection effects of double SiC coatings, the coated samples were placed in a furnace and oxidized at 1600˚C for different time with a heating rate of 10˚C/min. The weight of the coated samples was measured before and after the oxidation test, and the weight changes rate was determined according to Equation (1):
where i m is the initial weight (before the oxidation test) and f m is the final weight (after the oxidation test). The morphologies and phase structures of the coated composites after the oxidation test were also examined by means of SEM and XRD, respectively.
Results and Discussions
The surface SEM image and XRD pattern of SiC inner coating are shown in small quantity of Si. The size of the particles in the coating is found to be less than 2 μm, which indicates that original SiC particles remain, and while large Si particles have melted. The liquid Si could fill in the gaps among SiC particles and act as a binder to bond SiC particles together, which is advantageous to form a dense coating and inhibit oxygen diffusion inwards C/C composite. Cross-section images of SiC/SiC coated composite are shown in Figure 4 . A good adhesion between the inner coating and the substrate is found due to reaction between Si powder and C/C substrate. The outer coating is well bonded with the inner coating due to no thermal mismatch between them, as shown in Figure 4 (b). 
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Conclusions
1) SPS is a promising method to prepare double SiC coatings on C/C composites. The double SiC coating could be obtained by SPS at 1350˚C for 1 min.
2) The double coating is very dense and crack-free, composed of β-SiC and Si, and has a good bonding with the substrate.
3) The double SiC coating has good oxidation resistance and can protect C/C composites against oxidation at 1600˚C for 120 h with a weight loss of 2.62%.
The failures of the coating are mainly caused by cracks and oxygen diffusion.
